Abstract
Introduction
The limestone is a sedimentary rock predominantly comprising of carbonate minerals (i.e., calcium carbonate, CaCO 3 ) in the quantity that surpasses 50%. Quartz and clay minerals (e.g. kaolinite, hydrous mica, montmorillonite) are other two major limestone constituents [1, 2] . Since a substitution of calcium by magnesium occasionally occurs, a limestone that contains 5-35% of Mg is defined as "magnesian limestone". If Mg content is below 5%, the rock is classified as a "high-calcium limestone" [2, 3] . The carbonates present in the limestone customarily appear as calcite, aragonite and/or vaterite mineral phases. However, the only crystal form of real significance is calcite [2, 4] .
Calcite (CaCO 3 ) is one of the most common minerals on Earth, comprising about 4% mass of the Earth's crust [5] . Calcite occurs in carbonates and nepheline syenites as the primary component of the magmatic phase, and it is also quite common in hydrothermal deposits. In metamorphosed deposits, calcite occurs in form of marble. In carbonates, dolomite (Ca, Mg)CO 3 , magnesite (MgCO 3 ), siderite (FeCO 3 ), rhodochrosite (MnCO 3 ) and smithsonite (ZnCO 3 ) occur as isomorphous with calcite [6] .
By being the most abundant, and enclosing at least 50% of all present mineral phases in the limestone, calcite is an important resource and subject of investigations in various scientific fields: mineralogy, chemistry, physics, materials science [2, [7] [8] [9] [10] . Calcite crystallizes rhombohedrally, in a hexagonalscalenohedral class and space group R 3 c.
The parameters of a single cell are as follows: a = b = 4.988 Å, c=17.061Å, ˛α=β=90
• , γ=120
• , V= 367.85 Å 3 , Z=6 [11] [12] [13] [14] [15] . Due to the perfect rhombohedral cleavage, calcite exhibits a small value of Mohs hardness (3.0). The specific gravity of calcite is 2.7 [4] . The thermally induced behavior, i.e. calcium carbonate stability constrains and the rules of phase transitions, represents a basis for a comprehensive study of the limestone [16] [17] [18] .
Calcite is used for production of lime and Portland cement, while in construction industry it is applied as crushed or decorative stone. Calcium is also an important micronutrient. Several commercial drugs (antacids and calcium supplements) are, in fact, ground limestone [19] . Limestone is also important as a filler in various branches of industry (pharmaceutical, fodder, PVC and rubber, paints and glue industries, mineral fertilizers industry, foundry, metallurgy, etc.), as well as in agriculture where it is used for adjustment of soil pH value.
Republic of Montenegro has big reserves of limestone in coastal area and in south of the territory [20] . Even though deposits are huge, limestone is mainly used in construction as construction stone, and to some extent as architectural stone [21] . Since calcium carbonate as filler is much more expensive than construction stone, relevant institutions in Montenegro initiated investigations of the possibility of using limestone as filler [22] . On the basis of the results obtained, it was evaluated whether it can be used as filler in accordance with standards (SRPS) in various industry branches [22] [23] [24] [25] [26] [27] .
"Gigovići"-Ulcinj deposit consists of carbonate sediments, mostly limestone ones, and less dolomitic sediments. Ore reserves are estimated at about 5,000,000 t of limestone [20] . The aim of investigations presented in this paper is to determine the possibility of using raw material as filler in various industry branches.
Experimental

Materials and methods
Starting limestone sample used in investigations was from "Gigovići" -Ulcinj deposit. First, its specific volumetric weight (density) and granulometric composition were determined. Its density was measured by pycnometer with xylol as fluid, granulometric composition was determined by Tyler screen [28] . Granulometric composition of the micronized sample was determined by sieve size 63 µm, classification on Cyclosizer and Bach elutriator. Limestone filler quality was determined by chemical, mineralogical (XRD), DT/TG and FTIR spectroscopy analysis. Degree of whiteness was determined by whiteness meter, according to MgO 100% standard.
Mineralogical analysis of the limestone samples was conducted by means of the X-ray powder diffraction (XRD) technique. The Xray powder diffraction patterns were acquired on a Philips PW-1710 automated diffractometer using a Cu tube operated at 40 kV and 30 mA. The instrument was provided with a diffracted beam curved graphite monochromator and a Xe-filled proportional counter. Measurements were conducted at ambient temperature (25C). The diffraction data were assembled in the 2θ Bragg angle range from 5 to 70°, counting for 1 s (qualitative identification) at every 0.02 o step. The divergence and receiving slits were fixed at 1 and 0.1, respectively.
The thermal behavior was monitored by simultaneous Differential thermal analysis (DTA) and thermo-gravimetry (TG) in the temperature range from 20C to 1000C. DTA/TG analyses were conveyed in a static air flow by an automatic thermo-analyzing system: STA 409EP (Netzsch, Germany). The limestone samples (100 mg) were loosely packed into an alumina holder and thermally treated under a nitrogen atmosphere at a heating rate of 10°C/min, in temperature interval from 20 to 1000 0 C. The morphology of the samples was characterized by scanning electron microscopy (JEOL JSM-6610LV). The investigated samples were covered by gold using a sputter machine type BALTEC-SCD-005 for improvement of the conductivity prior to imaging.
Investigation of physical properties of starting sample
Specific volumetric weight of the starting sample is  = 2,708 g/cm 3 . Based on the results of screening test, a diagram of particle size distribution is drawn, shown in Figure 1 , for samples of limestone "Gigovići". Figure 1 shows the direct curve of particle size distribution and cumulative curves, as well as sample of outflow and flow limestone deposits "Gigovići"-Ulcinj. From the intersection of cumulative curves, the average outflow and flow determined that the average diameter of the sample of limestone is d50 = 8.11 mm, and the upper size limit of the sample is d95=16.334 mm.
Technological investigations
For investigations of the possibility of using limestone as filler in various industry branches, limestone was micronized, and the obtained products were subjected to the following physico-chemical characterization:
chemical analysis, mineralogical analysis (XRD), thermal (DT/TG) analysis, Fourier Transform Infrared (FTIR) spectroscopy analysis, morphology of the samples by scanning electron microscopy (SEM), determination of granulometric composition, degree of whiteness and absorption of oil and water.
Determining the granulometric composition of micronized sample
Granulometric composition of the micronized products showed that the finest class -5.7 µm content is around 10 %. 
Chemical analysis
Results of chemical analysis of the micronized limestone with contents of main components and damaging components are presented in Tables 2 and 3 .
Results of physico-chemical characterization of "Gigovići" limestone sample and the required filler quality (Standards) lead to conclusion that this limestone is of good quality. The XRD diagram indicates that the investigated limestone sample is mainly composed of calcite with minor amounts of dolomite, quartz, mica, and clay minerals. The minor phases can scarcely be distinguished on the diagram, because their reflections are either too feeble or overlapped, and superposed by other more significant peaks. The calcite was found to be the most abundant in the investigated sample; therefore the most significant XRD reflections belong to this mineral phase.
According to the chemical analysis of the sample (Table 2) , the content of calcium carbonate was 98.16 %. The intensity of the calcite XRD peaks (very high calcite peak of limestone situated at 30) indicate a high level of crystallinity and presence of less amorphous solid. Figure 3 . FTIR spectra of the "Gigović" limestone sample
Infrared (FTIR) spectroscopy analysis
The FTIR measurements were conducted in the wide region of 4000-400 cm -1 . The free carbonate ion belongs to the symmetry point group D 3h . Therefore, the CO 3 2-ion has four normal vibrations of which one belongs to the species A ' 1 , one is of species A ' 2 , while two vibrations belong to the E ' species [2, 29] . The carbonate functional group that is present in the calcite corresponds to the D 3h point group as a nonlinear with 4 atoms (N=4). This group has 3N-6=6 basic vibrations of which N-1=3 are valent [2, 29] . The spectral difference between the more common groups may be related to crystal structure. The spectral relationships among the minerals of several groups are not well known, due to the complicated composition and crystal structure. Infrared active groups of CO 3 , HCO 3 , H 2 O and OH normally dominate the absorption characteristics [2, 30] .
In the FTIR spectrum of the calcium carbonates (CaCO 3 ), the main absorption bands appear in the regions 1500-1400 cm -1 , 1100-1000 cm -1 , 900-800 cm -1 and close to 700 cm -1 [30] . The infrared spectra of the calcite and dolomite groups are normally characterized by three prominent absorption maxima and two minor peaks [2, 30] .
The analysis of the K19 sample showed eight peaks of different intensities on the diagram (given in Fig. 8 . The FTIR bands at 1424, 876 and 712 cm -1 had distinguished peaks, while the rest of peaks were minor. The registered bands are all considered to be caused by the CO 3 groups with the crystals [2, 31] . Namely, from the analysis of the space group characteristics, the existence of four molecular frequencies for the CO 3 ions in calcite is acknowledged, of which three of them are active in the infrared spectrum [2, [30] [31] [32] .
Since the CaCO 3 contains less than one molecule of water per CaCO 3 in the structure [2, 30] , the bands that correspond to the three normal vibrations of the water molecule were found: at 3435, 2182, 2874 and 2515 cm -1 (antisymmetric and symmetric O-H stretches), and at 1798 cm -1 (HOH bending). The band of medium intensity observed at 876 cm -1 is assigned to the υ 2 which is a symmetric normal vibration of carbonate ion that corresponds to the CO 3 out-of-plane deformation mode. The strong broad bond at 1424 cm -1 region corresponds to the symmetric normal υ 3 vibration that is an asymmetric C-O stretching mode. A relatively weak absorption at 700 cm -1 can be related to the υ 4 vibration which is characterized by inplane deformation mode. As it can be seen in Fig. 6 , the acknowledged bands are split, and the band maxima are being observed at 1424, 876 and 712 cm -1 . Thereby, the site symmetry for CO 3 2-that is present in the limestone (i.e., calcite as the main phase) can be described as D 3 (A 1 (R)(υ 1 ), A 2 (I)(υ 2 ) and E (I, R) (υ 3 , υ 4 )) which is in agreement with the crystalline structure that can be determined via XRD measurements [2, 30] . Also, a frequency value of the infrared inactive fundamental υ 1 of calcite can be determined from the frequencies of two combination bands υ 1 +υ 3 and υ 1 +υ 4 observed at 2515 cm -1 and 1798 cm -1 , respectively, for the samples at low temperature, resulting in the average value 1088 cm -1 for υ 1, which is in agreement with the value that can be obtained from the Raman spectra of calcite [2, 31] .
Scanning electron microscopic (SEM) analysis
The sample Gigovići limestone, was submitted to the scanning electron microphotography to acquire finer observations of the sample's microstructure (Fig. 4) . 
Determining the degree of whiteness
Whiteness was assessed on three samples of the limestone from deposit ""Gigovići"", and the results are shown in Table 4 . 
Determination of absorption water and oil
In order to determine the absorption of water and oil, three samples of the limestone from deposit ""Gigovići"" are also used, and the results are shown in Tables 5 and 6 . 
Thermal (DT/TG) analysis
Thermo-analytical methods are commonly applied in investigations of mechanisms and kinetics of solid state decomposition reactions. The shape of a DTA and/or TG curve is a direct function of the kinetics of reaction that takes place within material, and it is also interrelated with chemical and mineralogical characteristics of the limestone [33] . The limestone thermal behavior was assessed by means of the analysis of thermogravimetric and differential thermal curves of the samples that originated from Gigović deposits. The testing has been conducted under same controlled atmosphere (described in Chapter 2.)
Results of thermal (DTA/TG) analysis of the micronized sample "Gigovići" limestone are presented as a diagram in Figure 5 . The dominant thermally induced reaction that took place in the investigated limestone sample, which contained over 90 % of calcium carbonate, is calcination, i.e., decomposition of CaCO 3 induced by an exposure to strong heat. This reaction is important for the industrial application of limestone [2, 3, 34] .
The calcinations of the carbonate are an endothermic event, therefore a typical DTA curve for a sample of calcite rich limestone exhibits a single smooth decomposition step (Fig. 2) . High-calcium limestone decomposes at temperatures in the vicinity of 800-900°C in one stage with the formation of calcium oxide and carbon dioxide. The dissociation proceeds gradually from the outside surface inwards, with the reaction taking place at an interface between calcite and the residual oxide [2, 3] . The shape of the endothermic peak with calcination temperature maximum at 871°C, is attributed to the decomposition of the calcite (CaCO 3 ) into CaO and CO 2 , according to the following reaction:
Immediately after this endothermic peak, DTA baseline does not drift neither endothermically nor exothermically, which means that there is no free lime present after the decomposition of calcite in the sample. The formation of the molten phase in the system did not appear in the applied thermal interval from 20° up to 1000°C.
The TGA curves of the limestone (Fig. 2) showing only one peak of the mass variation due to completed thermal decomposition (phase transformation) of the calcium carbonate. The major mass loss takes place at approximately 900°C, and its value (measured in the temperature range from 650°C to 900°C) are 43.16 %. The value of the mass loss is in consistency with the obtained LoI.
Results and discussion
Limestone filler quality for each industry branch is defined by appropriate standards or requirements of manufacturers who use limestone as raw material in their production cycle. Limestone quality requirements are defined as content of useful and damaging components, i.e., as chemical composition, as well as the necessary size class.
Evaluation of "Gigovići" limestone filler quality based on chemical composition
According to the results presented above, limestone from "Gigovići" -Ulcinj deposit can be used in the following industries:
-in the industry of paints and coatings; it is among high quality raw materials in accordance with market and standard requirements (SRPS B.B6.032); -in paper industry; it is among A, B and C quality, while for the highest D quality its whiteness degree is not satisfying (SRPS B. B6.033);
-in rubber and PVC industry; it satisfies the highest quality standards and market requirements (SRPS B. B6.031);
-in foundry industry; it belongs to the highest class I in accordance with market requirements imposed by standard (SRPS B. B6.012);
-in sugar industry; due to the increased MgO content it belongs to the highest class in accordance with market and standard requirements (SRPS B. B6.013);
-in metallurgy; it is in the highest class I in accordance with market requirements imposed by standards (SRPS B.B6.011);
-in production of glass; due to the increased MgO, SiO 2 and Fe 2 O 3 contents it is in quality category IV and V in accordance with market requirements imposed by standards (SRPS B. B6.020);
-for production of mineral fertilizers because of the increased MgO content, which is strictly defined by manufacturer's requirements (Azotara Pančevo).
Limestone from "Gigovići" -Ulcinj deposit cannot be used:
-in pharmaceutical and cosmetics industry because its low whiteness degree relative to market requirements defined by standard (SRPS B. B6.034);
-in production of cattle feed because of the increased content of heavy metals Pb and Cd, which is very strictly defined for this use ("Official Gazette of the Republic of Serbia" 31/78, 6/81, 2/90, 20/00);
-for neutralization of acidic soils; because of the increased content of biogenic elements MgO, Fe and Cu, and heavy metals, Pb, Ni, and Cd, the contents of which are very strictly defined ("Official Gazette of the Republic of Serbia" 60/2000).
Evaluation of "Gigovići" -Ulcinj limestone filler quality based on users' requirements for the necessary raw material size (fineness)
Some industries require finely micronized limestone, while others require raw material of larger particle size, sometimes even coarse.
Following industries use ground and micronized limestone:
-for paints and coatings industry; A quality 99.5 % of -20 μm, B quality 97 % of -20 μm and 0.01 % of + 44 μm;
-for paper industry for all quality categories (A, B and C) the required fineness is 100 % of -45 μm, where for A quality 75 % of -10 μm, for B quality 80 %, and for C quality the required fineness is 95 % of -10 μm and 90 % of -2 μm;
-rubber and PVC industry requires for A and B quality raw material to be 99.5 % of -45 μm, while for C and D quality upper limit limestone size is 45 μm;
-for glass industry, since "Gigovići" limestone corresponds to quality IV and V according to its chemical composition, there is predefined granulometric composition for these quality classes, subdivided into six subclasses in size range from -1+0.1 mm;
Following industries demand larger sizes and coarse limestone:
-for foundry industry, raw material should be size -50+30 mm, with class -30 mm content up to 5 % <;
-for sugar industry, limestone is to be classified into six subclasses in size range from -215+63 mm, with maximum fine content in each subclass up to 8 %;
-metallurgy uses limestone consisting of five subclasses in size range from -70+0.1 mm.
Technological scheme for the production of filler based on limestone "Gigovići"-Ulcinj
Limestone from the deposit "Gigović" -Ulcinj, because of their physical and mechanical properties (Tables 4, 5 and 6), can be used for different purposes as a technicalbuilding stone, and for the good of the chemical composition (Tables 2 and 3) , it can be used as raw material for fillers for different industries. It is therefore necessary that the technological scheme of preparation limestone "Gigović" next operation contains treatment plants that would receive different sized products for wide application in many industries.
Technological scheme has been designed in a very flexible way, so that, depending on the needs of consumers and processing capacity, production takes place in a way that each class size was obtained in a number of shifts, and then in accordance with the requirements of the market, bridging and linking technology positions receive other products of different size class.
Technological scheme of crushing and sieving is shown in Figure 6 .
Exploitation of raw materials would be done by drilling and blasting of which would be received blasted stone with GGK (upper size limit) of 450 mm. Below the primary bunker is stationary grid (pos. 3) 20 mm aperture, which serves to separate the waste rock in it (earth, clay and small stones faction), which is transported with conveyor belt on tailing.
Raw-sized 32 mm from the plant for crushing and screening goes to grinding in order to obtain milled product which is used as filler in a variety of industries that require raw and micronized limestone which "Gigovići" matched its quality. Grinding is used as the starting sieved material or can optionally be sent to the grinding classified material from any stock from S8 to S12.
The technological scheme of grinding and classification of limestone "Gigovići" is represented in Figure 7 . 
Conclusion
Limestone from "Gigovići"-Ulcinj deposit, according to its physico-chemical properties, belongs to high quality carbonate raw material with high CaCO 3 content of 98.16 %, and low MgCO 3 content of 1.53 % and silicates (SiO 2 0.3 %). It meets the requirements of standards for using calcium carbonates as fillers in industry of paints and coatings; paper industry, rubber and PVC industry; production of mineral fertilizers; foundry industry; sugar industry and metallurgy. According to market demand and standards, it belongs to high quality raw material in industry of paints and coatings, rubber and PVC, sugar production, foundry industry and metallurgy. However, for paper industry and production of glass, this limestone does not comply with the highest standards.
Due to the low degree of whiteness, and increased content of heavy element (Pb 65ppm) "Gigovići" limestone cannot be used in pharmaceutical and cosmetics industry. Due to high content of biogenic elements MgO (0.73 %), Fe (340 ppm) and Cu (18ppm), as well as heavy metals Pb (65 ppm), Ni (24 ppm) and Cd (9 ppm), "Gigovići" limestone cannot be used in production of cattle feed and for neutralization of acidic soils.
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